The intercellular spread of Tobacco mosaic virus (TMV) RNA (vRNA) through plasmodesmata (Pd), the cytoplasmic bridges that interconnect adjacent plant cells (29, 31) , depends on virus-encoded movement protein (MP) (20) . This protein modifies the size exclusion limit of Pd (70, 88, 95) and binds nucleic acids in vitro, which led to the suggestion that the protein may chaperone vRNA to form a viral ribonucleoprotein (vRNP) complex whose size and structure are compatible with transport through the modified Pd (16, 17) . Studies to elucidate the pathway by which MP may target viral RNA to Pd have used MP in fusion with the green fluorescent protein (GFP) and shown that, in both plant cells and protoplasts, MP interacts with the cytoskeleton (32, 57) and with elements of the endoplasmic reticulum (ER) (33, 77) . During infection, ER membranes transiently condense to form enlarging inclusion bodies (33, 77) that contain TMV replicase, vRNA, and MP and also produce viral capsid protein (2) and therefore likely function to provide a surface for viral factories in which virus protein translation occurs concomitantly with virus replication (33, 65) .
Real-time imaging studies of infected epidermal cells demonstrated that MP-GFP-labeled inclusion bodies, recently also referred to as viral replication complexes (VRCs) (2) , can exhibit rapid intracellular movements (41, 52) . The movements are inhibited by antagonists of microfilaments but not by inhibitors of microtubule polymerization (41, 52) , indicating that the intracellular movements are dependent on an intact actin cytoskeleton. This is in partial disagreement with earlier studies with infected protoplasts which indicated that the spatial distribution of inclusion bodies also depends on an intact microtubule cytoskeleton (33) . Actin-dependent intracellular movements in epidermal cells have also been reported for transiently expressed GFP-fused 126-kDa replicase protein (52) . Although it remains unclear whether the 126-kDa replicase-GFP fusion protein had retained its biological activity or whether the localization of 126-kDa replicase-GFP always reflects that of VRCs, the observations suggest that the observed VRC movements are mediated by the direct or indirect interaction of microfilaments with the 126-kDa replicase protein.
ER aggregates similar in size and shape to VRCs are also produced upon expression of MP-GFP in the absence of virus infection, indicating that ER aggregation is a function of MP (77) . The number and structure of the VRCs are influenced by antagonists of the actin cytoskeleton (33, 52) . However, since MP is present in VRCs and associates with microtubules (33) , a role for MP-associated microtubules in the formation of ER-derived VRCs and inclusion bodies is conceivable.
The association of MP with inclusion bodies and microtubules suggested that microtubules may participate in the translocation of the vRNP from inclusion bodies to Pd (33) . This hypothesis is supported by the finding that vRNA is localized to microtubules in a manner that depends on microtubuleassociated MP and that TMV replicase also colocalizes with vRNA in BY-2 protoplasts (65, 66) . Furthermore, several in vivo studies with infected plant tissues demonstrated a tight correlation between microtubule association of MP-GFP and the function of the protein in facilitating the spread of infection (9) (10) (11) (12) .
However, despite this correlative evidence and the welldocumented function of microtubules in RNA transport in other systems (72, 87) , the role of microtubules in the translocation of vRNPs from inclusion bodies to Pd remains unclear. One reason for this is that the fluorescent MP-GFPmicrotubule complex is observed rather late during infection (33) and therefore is unlikely to account for the spread of infection between cells at the leading front of the radially expanding infection site. Moreover, recent studies have indicated that TMV movement is not inhibited in infected plant tissues infiltrated with biochemical inhibitors of microtubule polymerization (28, 41, 52) . However, since an unequivocal demonstration of the total disruption of the endogenous microtubule cytoskeleton was not presented, the implications of these studies remain uncertain.
Recently, we reported that the association of MP with microtubules is conserved in mammalian cells and that expression of this protein has dramatic effects on the structure of the microtubule array (10) . Given that mammalian cells retain the ability of MP to associate with microtubules, we decided to take advantage of this system to further investigate the MPmicrotubule complex. Unlike microscopy of plant cells, microscopy of mammalian cells is greatly facilitated by the fact that the cells adhere to microscopic coverslips, are flat and transparent, and do not obscure fluorescence microscopy analysis by autofluorescence (in plants, e.g., because of chlorophyll). Moreover, mammalian cells have a rather planar microtubule array, allowing in toto observation within a limited focal distance, whereas in toto analysis of the barrel-shaped interphase array of plant cells is much harder to achieve, if not impossible, without the aid of confocal microscopy and computational reconstruction. Thus, many more animal cytoskeletons than plant cytoskeletons can be investigated within a given time. Moreover, whereas the microtubule array in plant cells is organized by the activity of dispersed microtubule-nucleating centers and consists of microtubules with opposite polarities, the array in mammalian cells is organized by the activity of one center, the centrosome, which forms a strictly defined interphase array consisting of microtubules attached to the centrosome by their minus ends and extending into the cell periphery with their plus ends. Thus, unlike in plant cells, effects on microtubule nucleation centers can be easily observed. Finally, and most importantly, research in mammalian systems has provided a plethora of reagents and tools for cell biology analyses that are as yet unavailable for analysis in plant cells.
Taking advantage of the mammalian system and by applying some of the available tools, new insight into MP function could be achieved. Our observations indicate that the association of MP with microtubules is direct, i.e., independent of association with ER, actin, or dynein motor. We demonstrate that the alignment of MP along microtubules leads to their stabilization and the recruitment of ER membranes. Reorganization of the microtubule array by MP is independent of microtubule association but correlates with the absence of centrosomal ␥-tubulin and the inhibition of centrosomal microtubule nucleation activity. These findings indicate that MP is a structural microtubule-stabilizing microtubule binding protein (MAP) with the potential to affect the microtubule-nucleating machinery and the organization of microtubule and ER networks in mammalian cells. The implications of these findings in the context of plant cell architecture and infection are discussed.
MATERIALS AND METHODS

Cells.
African green monkey kidney COS-7 cells, human HeLa, JAR, and JEG-3 cells, Swiss mouse 3T3 cells, and Chinese hamster ovary (CHO) cells were grown in Dulbecco's modified Eagle's medium containing 10% fetal calf serum and supplemented with 2 M L-glutamine.
Plasmids. Plasmid pCMV-MP was generated by replacing the ␤-galactosidase gene of pCMV␤ (Clontech) with the NdeI-AflII fragment of pT3ЈNA containing the MP gene of TMV. Subsequent replacement of the BglII-ClaI fragment of pCMV-MP with that of pTMV-Ls1:GFP (10) resulted in plasmid pCMV-Ls1. Mutant MP Ls1 differs from the wild-type protein by a Pro-to-Ser substitution at position 154. Plasmid pMAP2c:EGFP (39) was kindly provided by A. Matus (Friedrich Miescher Institute for Biomedical Studies, Basel, Switzerland). Plasmid pCMVH50, encoding p50/dynamitin, and rabbit antibody raised against this protein were obtained from B. Sodeik (University of Hannover, Hannover, Germany) and R. Vallee (University of Massachusetts, Amherst).
Transfections. Cells were seeded onto 12-mm round glass coverslips 6 to 7 h prior to transfection. Semiconfluent cell cultures were transfected by the calcium phosphate coprecipitation method by using 1 g/cm 2 pCMV-MP, pCMV-Ls1, pMAP2c:EGFP, or pCMVH50 to express MP, MP Ls1 , MAP2c-enhanced GFP (EGFP), or p50/dynamitin, respectively. About 24 h after transfection, cells were transferred to fresh medium, incubated for another 24 h, and harvested for immunoblot analysis or fixed for immunofluorescence analysis.
Cold and drug treatment. For cold treatment, cells were placed on ice in a cold room (4°C) 3 h before fixation. If not indicated otherwise, the cytoskeletondepolymerizing agents colchicine (United States Biochemical), nocodazole (Sigma), vinblastine (Sigma), cytochalasin D (Sigma), and latrunculin B (Sigma) were added to cell cultures 3 h before harvesting or fixation, at concentrations specified in the text and figure legends. The ER-disrupting ionophore ionomycin (Sigma) was applied for 7 min in fresh medium before fixation.
Immunofluorescence analysis. Cells grown on coverslips were usually fixed for 20 min in phosphate-buffered saline (PBS), pH 7.0, containing 4% paraformaldehyde and 4% sucrose. After being washed for 10 min in PBS containing 5 mM EGTA, cells were usually permeabilized for 10 min with ice-cold acetone. In cases where cells were to be stained with antibody to detect pericentrin or pericentriolar material (PCM) antigen, cells were fixed and permeabilized by treatment with ice-cold methanol for 20 min. Paraformaldehyde-or methanolfixed cells were washed twice for 10 min in PBS-5 mM EGTA-0.5% Tween 20 (PBST-E) before application of antibody.
Primary and secondary antibodies were diluted in PBST-E and applied to cells for 90 min at room temperature. Following incubation with a primary antibody and again also after incubation with a secondary antibody, cells were washed six times, for 10 min each time, with PBST-E. Finally, cells were rinsed with distilled water and mounted in Mowiol (Calbiochem) containing 2.5% 1,4-diazobicyclo[2.2.2]octane (DABCO). For detection of MP, we used affinitypurified polyclonal rabbit antibodies directed against amino acids 209 to 222 of MP (12) . To label ␣-tubulin and ␥-tubulin, we used monoclonal mouse (Amersham) and rat (Sigma) antibodies, respectively. Pericentrin antibody was commercially available (BAbCO), and monoclonal antibodies directed against PCM antigen (CTR453) were provided by Michel Bornens (Institut Curie, Paris, France). Antibody raised against human trans-Golgi network glycoprotein 51 (TGN51) was a gift from Renate Kain (Institute of Pathology, General Hospital, Vienna, Austria). The preparations were stained with fluorescein isothiocyanate-, tetramethyl rhodamine isothiocyanate-, and aminomethyl-coumarin-labeled secondary antibodies (Pierce and Jackson Immunoresearch).
Fluorescence microscopy was performed with a Nikon Eclipse E800 microscope equipped with CFI Plan Apochromat objectives (Nikon). For specific visualization of fluorescein isothiocyanate, tetramethyl rhodamine isothiocyanate, and aminomethyl-coumarin fluorescence, we used XF100 (Omega Optical), G-2A (Nikon), and XF03 (Omega Optical) filter sets, respectively. Images were acquired and processed with an ORCA-100 progressive-scan interline charge-coupled device camera (Hamamatsu Photonics) and Openlab 3 software (Improvision).
Immunoblot analysis. Total cell extracts were prepared by lysing cells in sodium dodecyl sulfate (SDS)-containing sample buffer. Proteins were separated by 12% SDS-polyacrylamide gels and transferred to a Sequi-Blot polyvinylidene difluoride membrane (Bio-Rad) by standard procedures. Filters were blocked for 1 h with 5% nonfat milk powder in PBS-0.5% Tween 20. Specific primary antibody and peroxidase-conjugated secondary antibody (Pierce) were applied sequentially in the same buffer. Finally, the filters were developed with SuperSignal West Dura Extended Duration Substrate (Pierce).
Purification of MP and in vitro tubulin binding assay. The purification of recombinant MP-H 6 is described in detail elsewhere (9) . For the tubulin binding experiments, MP (50 g) was denatured with 1.4 ml of solubilization buffer (SB; 100 mM NaH 2 PO 4 , [pH 7.5], 1 M NaCl, 10 mM Tris base, 8 M urea, 10% [vol/vol] glycerol) and incubated overnight at 4°C. Ni 2ϩ -nitrilotriacetic acid (NTA) beads (30 l of a 50% slurry; QIAGEN) were equilibrated with 500 l of SB, sedimented briefly at 20,800 ϫ g (room temperature), and resuspended in 200 l (ϳ5 g) of denatured MP solution. MP was allowed to bind the beads for 30 min at room temperature with gentle shaking before unbound protein was removed by sedimenting the beads and aspirating the resulting supernatants. MP was refolded on the beads by resuspending the pellets in 500 l of pulldown buffer [PB; 40 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES)-OH (pH 6.85), 0.5 mM MgCl 2 , 10% (vol/vol) glycerol, 0.01% (vol/vol) Tween 20, 5 mM imidazole] and incubating them for at least 1 h at 4°C, with gentle shaking. Beads were again pelleted and the supernatants discarded before binding reactions were set up. Under these conditions, we could confirm that MP had retained sequence-nonspecific RNA binding activity (not shown) and was therefore considered to be biochemically active.
To block nonspecific binding sites, the beads were resuspended in 40 l of bovine serum albumin solution (8 g in PB) and incubated for 10 min at 4°C. Tubulin (5 g of tubulin dimers or in vitro-polymerized microtubules in PB containing 50 M paclitaxel [Taxol] ) was added to a final volume of 50 l, and the mixture was incubated at 4°C for 15 min before the beads were pelleted by centrifugation at 20,800 ϫ g for 1 min at room temperature. Supernatants containing unbound material were carefully transferred to fresh 1.5-ml Eppendorf tubes, and the pellets containing bound proteins were washed five times by repeatedly pelleting and resuspending the beads in fresh PB containing 10 M paclitaxel (750 l), with a 10-min incubation at 4°C between centrifugations. Bound proteins were eluted by incubating the beads for 30 min at 4°C in 50 l of SB containing 500 mM imidazole before fractions containing bound and unbound proteins (10 l) were separated by 12% SDS-PAGE and transferred to Sequi-Blot polyvinylidene difluoride membrane (Bio-Rad) by standard procedures. Membranes were probed with either anti-MP or anti-␣-tubulin (DM1A), followed by peroxidase-conjugated secondary antibody (Pierce Biotechnology), and the presence of either protein was indirectly detected with Supersignal West Dura substrate (Pierce Biotechnology) by exposure to X-ray film. To control for nonspecific binding of tubulin to the Sepharose beads, the above-described procedure was also performed with beads that were not conjugated to MP.
Microtubules were polymerized in vitro at 37°C in 10-l reaction mixtures containing 5 mg/ml purified bovine brain tubulin heterodimers (Cytoskeleton Inc.), 80 mM PIPES-OH (pH 6.9), 1 mM EGTA, 10% dimethyl sulfoxide, 1 mM MgCl 2 , and 1 mM GTP. To suppress microtubule dynamics, paclitaxel (Sigma) was added to a final concentration of 50 M and microtubules were incubated for 12 h at room temperature. To remove unpolymerized tubulin, microtubules were twice collected by sedimentation at 20,800 ϫ g for 5 min at room temperature and resuspended in 60 l of microtubule binding buffer (12 mM PIPES-OH [pH 6.9], 0.5 mM MgCl 2 , 10% glycerol, 0.01% Tween 20, 10 M paclitaxel). Aliquots of the microtubules were heat denatured and quantified with the bicinchoninic acid protein assay kit (Pierce Biotechnology). In order to reduce the likelihood of buffer-induced MP aggregation, 10 l of bovine brain tubulin dimers (10 mg/ml; Cytoskeleton Inc.) and bovine serum albumin (2 mg/ml; Pierce Biotechnology) was dialyzed overnight at 4°C against 400 ml of PB.
RESULTS
MP aligns mammalian microtubules and alters their distribution.
To further investigate the interaction of MP with microtubules in mammalian cells, we transiently transfected African green monkey kidney (COS-7) cells with plasmid pCMV-MP, which expresses full-length wild-type MP (MP wt ) under the control of the cytomegalovirus promoter. Immunoblot analysis of cellular extracts prepared at various time points between 24 and 48 h posttransfection (hpt) demonstrated the presence of a single MP antibody-reactive protein of the expected molecular weight (data not shown). At about 48 hpt, cells were fixed and stained with antibodies against MP and ␣-tubulin. As previously noted (10), MP wt colocalizes with microtubules ( Fig. 1A) , indicating that microtubule association of MP wt does not depend on plant-specific or other viral factors. Moreover, in cells expressing MP wt , the microtubule cytoskeleton is dramatically reorganized. Whereas untransfected control cells display normal radial microtubule arrays consisting of microtubules that extend from the centrosomal region close to the nucleus toward the cell periphery, MP wt -expressing cells display abnormal arrays in which hoops of microtubules encircle the nucleus without converging to a centrosome (Fig.  1A ). Similar observations were obtained when MP wt was expressed in human HeLa, JAR, and JEG-3 choriocarcinoma cells, Swiss mouse 3T3 cells, and CHO cells (data not shown). MP also localized to mammalian microtubules when fused to GFP (data not shown), but since the relative level of MP-GFP expression and subsequent association with microtubules was much lower than that found with unfused MP wt , we decided to use MP wt and immunodetection for further analysis. Association of MP with microtubules is not required for their reorganization. To test whether the microtubule-reorganizing function of MP wt depends on microtubule binding, we screened the population of MP wt -expressing cells for a correlation between microtubule-associated MP wt and microtubule reorganization. The association of MP wt with microtubules was regularly observed in 85% of the transfected COS-7 cells (Fig.  1B) . In the remaining 15% of the transfected cells, MP wt appeared not to be localized to any discernible subcellular structure. Surprisingly, however, the microtubule cytoskeleton was also reorganized in these cells. To confirm that MP wt is capable of disrupting the radial microtubule array without aligning with microtubules, we transfected cells with MP Ls1 , a temperaturesensitive mutant form of MP that has a serine-to-proline substitution at position 154 (69) and fails to associate with microtubules or support intercellular transport in plants at the nonpermissive temperature (32°C) (10) . In agreement with previous data obtained with plants, MP Ls1 was found to be homogeneously distributed throughout the cytosol in all transfected cells cultured at the nonpermissive temperature of 37°C ( Fig. 1A and B) . Nevertheless, we found that in 99% of the transfected cells, MP Ls1 induced a reorganization of the microtubule network to the same degree as MP wt ( Fig. 1A and  C) . This confirms that MP wt expression can induce a dramatic reorganization of the microtubule cytoskeleton by an activity that is independent of microtubule association of the protein.
MP expression disrupts centrosome function. Since microtubules in cells expressing MP wt or MP Ls1 did not show any attachment to the centrosomal region, we suspected that the microtubule-organizing center might be affected in these cells. Preliminary studies indicated that expression of MP wt leads to the displacement of centrosomal ␥-tubulin (10), which, as part of a ␥-tubulin-containing ring complex (96) , is recruited to the centrosome and is essential for microtubule nucleation (38, VOL. 80, 2006 TMV MP DISRUPTS CENTROSOME FUNCTION 5809 61). To further investigate this phenomenon, we stained MP wtand MP Ls1 -transfected cells, as well as untransfected cells, with an antibody directed against ␥-tubulin. As expected, untransfected cells contained one or two individual punctate ␥-tubulin signals from which microtubules emerged ( Fig. 2A ). In contrast, the punctate ␥-tubulin signals were absent in about 90% of MP wt -expressing cells and about 95% of MP Ls1 -expressing cells ( Fig. 2A and B) . To test whether MP wt and MP Ls1 might inhibit the formation or maintenance of centrosomes, we stained transfected and untransfected cells with a monoclonal antibody directed against PCM antigen (6) or with an antibody against pericentrin (Fig. 2C) , a centrosomal lattice component involved in the assembly and organization of ␥-tubulin complexes (22, 24) . These results demonstrated that centrosomes remain present in MP wt -and MP Ls1 -expressing cells (Fig. 2C ), supporting the view that MP causes the removal or lack of recruitment of centrosomal ␥-tubulin. Since MP wt and MP Ls1 signals appear to be absent in centrosomes labeled with either antigen, it is likely that MP exerts its effect on centrosomal ␥-tubulin from outside the centrosome. To test whether the apparent MP wt -induced displacement of centrosomal ␥-tubulin is a general feature of MAP overexpression, we transfected COS-7 cells with neuronal MAP2c fused to EGFP (39) . Similar to previous reports (39), MAP2c-EGFP expression resulted in the formation of aberrant microtubule arrays consisting of centrosome-independent microtubule bundles that induce stiff cell processes (Fig. 2D) . In contrast to MP wt -expressing cells, however, ␥-tubulin remained present in distinct spots near the nucleus even though normal radial microtubule arrays were clearly disrupted (Fig. 2D) .
In vertebrate somatic cells, the mechanism that recruits ␥-tubulin to the centrosome is thought to be microtubule independent (44) . To test if MP-induced displacement of ␥-tubulin is a microtubule-dependent or -independent mechanism, we cultured MP wt -and MP Ls1 -transfected cells in the presence of colchicine, followed by antibody staining of ␥-tubulin, ␣-tubulin, and MP at various time points. At 5 and 21 hpt, when MP wt or MP Ls1 levels were too low for antibody detection, a ␥-tubulin signal was present at perinuclear sites, although microtubules were depolymerized. However, at 48 hpt, when microtubules were still depolymerized but MP wt and MP Ls1 were detectable, we found that ␥-tubulin was displaced (data not shown). These observations demonstrate that the effect of MP wt or MP Ls1 expression on ␥-tubulin displacement is indeed microtubule independent and also indicate that the effect does not occur as a consequence of microtubule reorganization induced by MP.
To test whether MP has an inhibitory effect on centrosomal microtubule nucleation activity, we assayed centrosomes in
MP
Ls1 -transfected and untransfected control cells for the capacity to renucleate microtubules following nocodazole-mediated disruption (Fig. 3A) . In both untransfected and MP Ls1 -transfected cells, reassembly of microtubules started within 3 min after removal of nocodazole. However, whereas microtu- bules in untransfected control cells emerged from ␥-tubulincontaining centrosomes (arrows), microtubules in MP Ls1 -transfected cells lacking centrosomal ␥-tubulin emerged at random sites in the cytoplasm, indicating that centrosomal microtubule nucleation activity was inhibited.
In a similar experiment, MP wt -transfected and untransfected cells were treated with colchicine and stained for ␣-tubulin and MP following removal of the drug for 24 h. Successful removal of colchicine was characterized by the reestablishment of a normal radial microtubule array in untransfected cells (not shown). In contrast, cells expressing MP wt contained numerous short repolymerized microtubules that had no connection to the centrosome but were faintly associated with MP wt (Fig.  3B) . Thus, these data collectively demonstrate that not only does MP induce microtubule-independent displacement of centrosomal ␥-tubulin and inhibit centrosomal microtubule nucleation, but it also has the ability to associate with repolymerized, reorganized microtubules in a manner reminiscent of structural MAPs.
Since centrosomal ␥-tubulin is essential for proper assembly MP-associated microtubules accumulate ER membranes. Infection of plant cells involves the recruitment of ER membranes into ER-derived inclusion bodies, which may serve to compartmentalize virus replication and protein synthesis (33, 65) . To test if MP affects the distribution of ER in mammalian cells, we performed triple-staining experiments in which transfected and untransfected cells were simultaneously incubated with a set of antibodies recognizing MP, ␣-tubulin, and protein disulfide isomerase (PDI), a luminal ER protein (68) . Although we did not observe colocalization of PDI with MP wt or MP Ls1 , ER distribution appeared to be affected by MP expression (Fig. 4A) . In untransfected cells, ER membranes were concentrated in the centrosomal region and, following the radial array of microtubules, were evenly distributed to the periphery of the cells. In contrast, in cells expressing MP wt or MP Ls1 , the ER membranes followed the pattern of the reorganized microtubule network and encircled the nucleus without concentration in the centrosomal region, an observation consistent with the role of microtubules in ER membrane segregation (25, 50, 91, 93) . Although such reorganization of the ER is likely to be a consequence of the reorganized microtubule network, additional observations suggest an active role for MP in ER membrane distribution.
In cells expressing microtubule-aligned MP wt , the ER was highly enriched in areas overlapping the MP wt -microtubule complex. Particularly densely packed ER elements were observed in cells in which MP wt -aligned microtubules were concentrated in hoops encircling the nucleus (Fig. 4A, MP wt -transfected cells). Such dense ER elements were present neither in cells containing non-microtubule-associated MP wt nor in cells transfected with microtubule binding-deficient MP Ls1 (Fig. 4A , MP Ls1 -transfected cells), although microtubules were reorganized in both cases. These observations suggest that in this mammalian cell system microtubule-associated MP wt induces the aggregation of ER membranes near microtubules and that this activity of the protein depends on its microtubule association.
Microtubule association of MP is independent of ER, Factin, and dynein. Since MP has been shown to behave as an integral membrane protein in biochemical assays (15, 77) , it is conceivable that the microtubule alignment of MP is caused by the alignment of specialized MP-associated ER tubules. To test this possibility, we treated MP wt -transfected cells with ionomycin, a Ca 2ϩ -ionophore that induces fragmentation and vesicularization of the ER membrane network (89) . Subsequently, the cells were triple stained with antibodies against MP, ␣-tubulin, and PDI. As shown in Fig. 4B (MP wt -transfected cells plus ionomycin), ionomycin treatment disrupted the ER network but did not affect association of MP wt with microtubules. Thus, we conclude that the apparent association of MP wt with microtubules is not caused by alignment of MP wtassociated tubules of ER with microtubules.
Evidence for an interaction of MP with plant actin has been reported (57) . Since plant and animal actins are 83 to 88% identical in amino acid sequence (56) , it is possible that at least some of the filamentous structures associated with MP wt in COS-7 cells consist of actin. To test this possibility, we double stained cells with antibodies against MP and with BODIPY-558/568-conjugated phalloidin, a cytological stain specific for actin. As shown in the distribution of MP wt , although obvious changes in cell shape and actin distribution were apparent (Fig. 5) .
Many microtubule-dependent transport processes rely on motor proteins (5, 7, 46, 64, 86, 87) . To examine the possibility that MP wt associates with microtubules in mammalian cells through binding to a dynein motor complex, we analyzed the subcellular localization of MP wt in transfected cells expressing p50/dynamitin, which acts as a dominant-negative inhibitor of dynein-dynactin function (26) (Fig. 6) . The inhibitory effect of p50/dynamitin expression on dynein motor activity was verified by staining cells for TGN51 (40) , which indicated the dispersal of the Golgi complex (Fig. 6B) . Applying the same experimental conditions, we found that p50/dynamitin expression did not interfere with the association of MP wt with microtubules (Fig. 6C) . Thus, we conclude that in COS-7 cells, the observed MP wt -associated filaments are indeed microtubules and that the alignment of MP wt with the microtubule is independent of ER membranes, actin filaments, and dynein motor protein.
MP binds tubulin in vitro. Structural MAPs participate in the organization of microtubule arrays through binding to the outside surface of growing microtubules, thereby promoting their polymerization and stabilization. In order to determine whether MP also binds microtubules directly, purified recombinant MP wt was immobilized on Ni 2ϩ -NTA Sepharose beads and used as affinity bait for the coprecipitation of either in vitropolymerized microtubules or tubulin dimers. Pellet (bound) and supernatant (unbound) fractions were separated by centrifugation and analyzed by SDS-PAGE and Western blotting. To VOL. 80, 2006 TMV MP DISRUPTS CENTROSOME FUNCTION 5815
on November 11, 2017 by guest http://jvi.asm.org/ control for nonspecific binding of tubulin to Sepharose, the same procedure was followed in the absence of MP wt . As shown in Fig. 7A , blots probed with anti-MP antibody showed that throughout the course of the binding reaction, MP wt remained coupled to the affinity matrix in amounts that were comparable between reactions. Probing equivalent Western blots with anti-␣-tubulin antibody (Fig. 7B) revealed that, even after extensive washing, detectable levels of tubulin could be found in pellet fractions containing MP wt . In control pellet fractions without MP wt , no tubulin was detected, indicating that precipitation of tubulin had occurred via an interaction with MP wt and not by virtue of nonspecific contacts with the Sepharose beads. Repeating the experiment confirmed that, under the conditions used, MP wt interacted with both tubulin dimers and microtubules. The fact that soluble tubulin dimers were able to bind MP wt per se suggests that polymer-specific structural forms of tubulin are not a prerequisite for MP with microtubules in vivo may not require the involvement of other factors. MP stabilizes microtubules. A general feature of structural MAPs is the ability to stabilize microtubules against microtubule-depolymerizing agents (35, 90, 92, 94) . Since MP is a microtubule-associating protein, we suspected that it may be similar to MAPs in conferring stability on microtubules. To test this hypothesis, we treated cells with colchicine or cold (Fig. 8A) . As expected, in untransfected cells (not shown), as well as in MP Ls1 -expressing cells, treatment with 1 M colchicine or cold led to the depolymerization of microtubules, resulting in a diffuse pattern of ␣-tubulin staining in the cytoplasm. In contrast, microtubules aligned with MP wt in MP wt -expressing cells were resistant to disruption by either treatment. Similar results were obtained when cells were treated with 1.65 M nocodazole or with 1 M vinblastine (data not shown) where, again, we observed that MP wt -interacting microtubules were stable and essentially unaffected by these compounds, whereas microtubules in untransfected control cells or in MP Ls1 -expressing cells were depolymerized.
To further test the stability of MP wt -associated microtubules in mammalian cells, we directly compared the stability of MPassociated microtubules with that of microtubules associated with a stabilizing MAP. Therefore, we treated MP wt -, MP Ls1 -, and MAP2c-EGFP-expressing cells with increasing concentrations of nocodazole. As expected, incubation of cells with 10 M nocodazole for 30 min led to the disruption of microtubules in both MP Ls1 -expressing cells and untransfected control cells. In contrast, microtubules in cells that expressed either MAP2c-EGFP or MP wt remained intact after treatment (data not shown), confirming that both MAP2c and MP wt stabilize microtubules. However, treatment of the cells for longer times and with higher concentrations of nocodazole revealed that MP conferred a much higher degree of stabilization of microtubules than did MAP2c-EGFP (Fig. 8B) . For example, upon treatment with 100 M nocodazole for 3 h, most of the microtubules in MAP2c-GFP-transfected cells were disrupted whereas the MP wt -associated microtubule cytoskeleton in MP wt -expressing cells was unaffected. Surprisingly, MP-interacting microtubules were stable even in the presence of a 100-fold higher concentration of the inhibitor (10 mM; data not shown). The difference between the degrees of microtubule stability induced by MP wt and MAP2c-EGFP was also observed at low temperature. After 3 h on ice, microtubules in MAP2c-GFP-transfected cells were depolymerized whereas MP wt -interacting microtubules remained stable (Fig. 8B ). These results demonstrate that MP, unlike neuronal MAP2c, produces microtubules that are resistant to cold and depolymerizing agents. This finding is consistent with the high stability of MP-associated microtubule complexes occurring during TMV infection in plant cells (10) and supports the conclusion that MP binding protects microtubules against various assaults.
DISCUSSION
The experiments described here were undertaken to further characterize the nature of the interaction between MP and the cytoskeleton by extending the previous observation that the association of MP with microtubules is conserved in mammalian cells (10) , allowing us to investigate this interaction in the absence of virus infection and plant-specific factors. The association of MP wt with mammalian cell microtubules is robust and occurs with high frequency, although we found that, unlike in plant cells, the association is strongly affected if MP is fused to GFP. Concentrating on experiments with unfused MP wt , we found that the alignment of MP wt with microtubules is independent of ER, actin, or dynein motor, supporting the hypothesis that MP acts as a structural MAP and associates with microtubules through direct interactions with tubulin. The latter is confirmed by coprecipitation experiments showing that MP wt is able to bind bovine tubulin dimers and polymerized microtubules in vitro. Since plant and animal tubulins are highly conserved (85), our findings strongly support the hypothesis that the association of MP with microtubules during infection in plant cells is mediated by direct MP-tubulin interactions (10) . In addition, we observed that MP affects the organization of mammalian microtubules through activities that are independent of microtubule association and are correlated with the absence of centrosomal ␥-tubulin and the loss of centrosomal microtubule nucleation activity. Although microtubule nucleation in plants is dispersed rather than concentrated at a centrosome, the observations imply a potential role for microtubule-organizing complexes during infection in plants.
MP association stabilizes microtubules. The finding that MP stabilizes microtubules upon binding is consistent with other known and well-characterized MAPs. MAPs such as MAP1, MAP2, tau, and MAP4 and also several plant MAPs are thought to stabilize microtubules by suppressing their disassembly, thereby supporting an overall elongation of microtubules (13, 76, 79) . However, despite this overall stabilizing effect, MAP-associated microtubules usually remain susceptible to low temperature (4, 54, 74) and microtubule-disrupting agents (67, 90) . MP seems to differ from these MAPs since MP-associated microtubules, in contrast to MAP2c-associated microtubules, withstand prolonged treatments with high concentrations of depolymerizing agents and cold. This observation is in agreement with our previous observation that MPassociated microtubules isolated from TMV-infected plant protoplasts are resistant to disruption by cold and millimolar amounts of salt (10) . Obviously, MP forms specialized complexes with microtubules that differ from the salt-sensitive complexes formed by other MAPs (36, 81) . Exceptional MAPs that are similar to MP wt with respect to providing outstanding stability to microtubules have been described (8) . However, whether there is any functional similarity between MP wt and this class of MAPs remains to be seen. The ability of MP wt to provide stability to microtubules may contribute to the spread of TMV in plant tissues treated with microtubule-disrupting agents (28, 41) . The abilities of MP to stabilize microtubules and to cause interference with mitosis in mammalian cells may appear to be in disagreement with the normal development of transgenic MP-expressing plants (20) . However, although transgenic plants express considerable amounts of MP (21), interference with microtubule dynamics in these plants appears unlikely since no clear localization of the protein to sites other than Pd has been reported (3, 23, 78, 80) . microtubule cytoskeleton by an activity that is retained by microtubule binding-deficient mutant MP Ls1 and thus is independent of microtubule binding and stabilization. This is again in contrast to "classical" MAPs (such as MAP2c), for which the microtubule-reorganizing effect has been proposed to be a consequence of the microtubule stabilization conferred by these proteins (51) . Our findings correlate the reorganization of the microtubule array by MP with the lack of centrosomal ␥-tubulin and with the loss of centrosomal microtubule nucleation activity rather than with microtubule stabilization. Although it remains to be shown whether these events are indeed causally related, it appears worthwhile to consider the potential mechanism by which MP may produce noncentrosomal microtubules, as well as the potential implications for a microtubule nucleation-modifying function of MP during infection in plant cells.
A priori, there are four potential mechanisms that generate noncentrosomal microtubules: self-assembly of microtubules in the cytoplasm, nucleation of microtubules at noncentrosomal sites, breakage or severing of centrosomal microtubules along their length, and release of microtubules from the centrosome (42) . It seems unlikely that MP causes the formation of noncentrosomal microtubules by katanin-mediated severing (58) since, in the presence of MP, the centrosome is inactivated and no centrosome-associated microtubule fragments were observed. Cytoplasmic self-assembly of microtubules occurs if the critical concentration for microtubule assembly is reduced. This mechanism accounts for the formation of noncentrosomal microtubules induced by MAP2 (Fig. 8) and paclitaxel (19) , which bind and stabilize microtubules. However, since MP leads to the formation of noncentrosomal microtubules independently of microtubule binding and stabilization, this mechanism seems not to apply to this protein. Thus, the most likely mechanisms by which MP might form centrosome-independent microtubules are centrosomal release and noncentrosomal nucleation. Centrosomal release is proposed to be the primary mechanism for the production of noncentrosomal microtubules in cultured cells (42) . Since the noncentrosomal microtubules induced by MP expression are correlated with the lack of centrosomal ␥-tubulin, MP may induce cleavage between the centrosome and the microtubule-nucleating ␥-tubulin ring complex (␥TuRC) and thus the release of "capped" microtubules. Alternatively, MP may directly or indirectly interfere with the recruitment of ␥TuRC to the centrosome. Since we could not detect MP wt and MP Ls1 at the centrosome, the protein likely acts from the cytoplasm. In the extreme case, the protein may by itself bind and sequester centrosomal and cytoplasmic ␥TuRCs for noncentrosomal nucleation. Such titration of ␥-tubulin by MP would be consistent with the lack of mitotic spindles in MP-and MP Ls1 -expressing cells, as the onset of mitosis involves the sudden recruitment of ␥-tubulin to centrosomes (44) . Direct interaction between MP and ␥-tubulin may also be conceivable given that point mutations within a short region of MP that has sequence similarity to the tubulin M loop confer a lack of microtubule association and function during infection in plant cells (10) and therefore may identify ␥-tubulin as a specific target of MP.
With respect to potential implications of the centrosomeinactivating activity of MP for a microtubule nucleation-modifying function of the protein during infection in plant cells, one has to acknowledge the fundamental differences in the organization of microtubules between animal and plant cells. Importantly, microtubule nucleation in plants is dispersed rather than localized to a centrosome (18, 53, 62) . However, despite this fundamental difference, the general mechanism of microtubule nucleation is nonetheless conserved (53, 82) . As in mammalian cells, microtubules in plants are nucleated by ␥-tubulin, and the ␥TuRC components known from yeast have been detected in plants (27, 63, 83, 84) . Moreover, as in mammalian cells, microtubule nucleation depends on the recruitment of cytoplasmic ␥-tubulin to microtubule nucleation sites. According to a recent study (62) , such microtubule nucleation sites are formed at the sides of previously formed cortical microtubules. Apparently, ␥-tubulin complexes shuttle between cytosol and the side of a cortical microtubule, being active for nucleation while bound to the microtubule and being released to the cytosol when the original microtubule depolymerizes (62) . Our findings obtained with mammalian cells may suggest that MP may interfere with such mechanisms in order to manipulate microtubules during infection. Although MP is targeted to Pd by cytoskeleton-independent mechanisms (75), Pd-associated MP may manipulate the cytoskeleton near the channel, as is suggested by the presence of MP-associated filamentous structures across plasmodesmal cell junctions in MP-transgenic plants (23, 49, 60) and multicellular cyanobacteria (30, 34) . Related precedents for the involvement of microtubule nucleation sites in intercellular virus movement are human T-cell leukemia virus type 1 and human immunodeficiency virus, which move between lymphocytes by mechanisms that involve virus-induced reorientation of the microtubuleorganizing center and polarization of the cytoskeleton to cell junctions (37, 73) .
MP causes aggregation of the ER. The observations suggesting an ability of microtubule-associated MP wt to cause accumulation of ER membranes in COS7 cells may be consistent with the role of MP in the formation of ER aggregates observed in TMV-infected plant cells (33, 77) . In planta studies with ER-localized GFP provided evidence that the aggregates are formed by transient recruitment and accumulation of ER membranes and that the formation of the aggregates and the subsequent reversion to normal tubular ER parallel the time course of MP accumulation and degradation (77) . ER aggregates similar in size and shape are also produced upon expression of MP-GFP in the absence of virus infection, indicating that ER aggregation is a function of MP (77) . The number and structure of the aggregates are influenced by antagonists of the actin cytoskeleton (33, 52) . However, treatment of infected protoplasts with oryzalin, which disrupts microtubules, leads to collapse and fusion of the aggregates, which indicates that microtubules are involved in their anchoring and spatial separation within the cell (33) . Although the dynamic behavior of ER membranes in plant cells is predominantly actin based, as opposed to microtubule based as in mammalian cells, evidence of a role for microtubules in the general architecture of plant endomembranes has been reported (45, 55) . Furthermore, since MP has characteristics of a transmembrane protein (14, 15, 60) and behaves like an integral membrane protein in biochemical fractionation experiments (77), our observation that microtubule-associated MP wt induces ER accumulation in mammalian cells may be consistent with a model in which MP interacts simultaneously with both the ER and microtubules in plant cells, thereby leading to the formation of an ER-tomicrotubule bridge that might not usually exist in uninfected cells. By forming this bridge, MP could place ER architecture under the control of microtubules and/or microtubule-based motility. It should be noted, however, that MP is dispensable for TMV replication (59) and that accumulation of MP in ER aggregates is not required for movement (12) . Thus, although TMV replication occurs in association with membranes (71) and although the ER aggregates have been proposed to function as virus factories (2, 33, 65) and as infectious entities that move from initially mechanically inoculated cells into adjacent cells (41) , further studies are needed to investigate whether ER aggregation is indeed a requirement for successful infection.
MP does not interact with actin in mammalian cells. Although evidence for an interaction of MP with plant microfilaments has been reported (57), we could not find evidence for such an interaction in transfected COS-7 cells. Since plant and animal actins are well conserved in amino acid sequence (56), our observations do not support a direct interaction between MP and actin and suggest that MP may require additional plant factors for stable interaction with microfilaments. However, further studies are needed to verify a functional interaction of MP with microfilaments in plants. Although the presence of actin and myosin within or near Pd (reviewed in reference 1) suggested a role for microfilaments in the Pd targeting and function of MP, the accumulation of MP in Pd seems to be neither microtubule nor actin dependent (10, 75) . Moreover, although the stabilization, anchorage, and intracellular trafficking of ER aggregates (or VRCs) are sensitive to the presence of actin antagonists (41, 52, 65) , the exact role of microfilaments in vRNA transport is not clear. Indeed, as in COS-7 cells, actin antagonists had little effect on the overall distribution of MP in infected plant protoplasts (33) . These observations may suggest that actin-dependent intracellular movements of VRCs are independent of MP, despite the fact that MP is present in these complexes. This proposal is consistent with the dispensability of VRC-associated MP for virus movement (12) , as well as with recent evidence suggesting that the intracellular movements of the VRCs are mediated by the 126-kDa replicase (52) .
